ABSTRACT An inhibitor of cell proliferation was purified from rat liver by alcohol precipitation, ultrafiltration, and DEAEcellulose chromatography. The hepatic proliferation inhibitor was shown to be pure by polyacrylamide gel electrophoresis in the presence ofsodium dodecyl sulfate, analytical isoelectric focusing, and high-performance liquid chromatography. The hepatic proliferation inhibitor was found to have a molecular weight of26,000 and an isoelectric point of 4.65. This protein inhibited the. proliferation of nonmalignant rat liver cells in culture, and removal of the protein reversed the inhibition produced by low doses. It exerted no effect on the proliferation of malignant rat liver cells.
Growth stimulatory factors, nutrients, and ions have been shown to be important in the control of cell proliferation (1) (2) (3) . A number of factors that stimulate cell proliferation have been purified from various tissues and are well characterized. Indeed, many of these purified growth factors are commercially available and are being used extensively to investigate various aspects ofcell biology. In contrast, little is known about the role of growth inhibitory factors, although they clearly are involved in the control of cell proliferation which itself is critical in the carcinogenic process as discussed in depth by Potter (4, 5) . Considerable literature is available on the existence ofinhibitors ofcell proliferation in different cells and tissues (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , but such factors from normal tissues have not been purified.
Research in this laboratory has been directed toward understanding the mechanism ofcarcinogenesis, primarily in rat liver cells in vitro. Recently, we reported the partial purification of a growth inhibitory factor from rat liver that inhibited cell division in nonmalignant rat liver cells and activated cell division in a few malignant rat liver cell lines (9, 10) . This preparation was not homogeneous and the presence of both growth stimulatory and inhibitory factors could not be ruled out. Having removed the growth stimulatory factor we now report the purification and properties of the hepatic proliferation inhibitor (HPI).
MATERALTS AND METHODS
Purification of HPI. Preparation of the partially purified extract from rat livers was described (9) . This extraction procedure is a modification of that ofVerly et al. (16) and involves homogenization, in distilled water, of livers from 50 adult (200-250 g) male Fischer rats. After centrifugation of this homogenate at 105,000 X g for 2 hr, the supernatant fluid was subjected to fractional precipitation with ethanol and the 70-87% ethanol precipitate was collected. After lyophilization, this material was redissolved in distilled water and filtered through an Amicon PM-30 ultramembrane filter. The PM-30 filtrate was subjected to Amicon UM-10 filtration and the retained material (retentate) was then subjected to DEAE-cellulose chromatography. The total UM-10 retentate (80 mg) was applied to a column (1.5 X 90 cm) ofDEAE-cellulose (DE-23, Whatman) equilibrated with 5 mM sodium phosphate at pH 6.0. The column was washed extensively with the same buffer until the 280-nm absorbance of the eluate reached the baseline level. Elution of the material retained on the column was achieved with a linear 0-0. 15 M NaCl gradient in the same buffer at a flow rate of42 mVhr. Tenmilliliter fractions were collected, the material was concentrated by using UM-10 ultrafiltration, and the retentate was diluted with distilled water; the concentration process was repeated three times. The final retentate was then lyophilized and used for the various analyses. In some cases, aliquots were treated with 0.1% trypsin (204 units/mg, Worthington) (1982) 457 roacetic acid in acetonitrile over 30 min at a flow rate of 1.0 ml/ min. The absorbance of the column effluent was monitored at 206 nm. Peak fractions were lyophilized prior to further analyses.
Culture Methods and Assay Conditions. Nonmalignant liver cells were isolated from a 12-day-old male Fischer rat as described (21) . The malignant liver cell line was isolated from a soft-agar colony of spontaneously transformed liver epithelial cells (22) . Both cell lines were maintained routinely as monolayer cultures in Ham's F-10 medium supplemented with 10% fetal bovine serum (K. C. Biologicals, Lenexa, KS) (control medium). The cells were grown on plastic Petri dishes (Falcon Plastics) and incubated at 370C in humidity cabinets with a gas phase of5% CO2 in air. Throughout the purification, biological activity was determined by a quantitative assay based on the reversible inhibition of cell proliferation as described in detail elsewhere (9, 10) . In brief, this assay involved plating cells at a low density (20 cells per cm2) in 60-mm plastic Petri dishes and after a 1-day attachment period, treating them with either control medium or control medium plus different concentrations of HPI. After a treatment period of 4 days, the medium was replaced with control medium or, in some dishes, medium plus HPI was replaced with fresh medium plus HPI. The cells were maintained for an additional 5 days and then fixed in methanol and stained with Giemsa. The total number and size distribution of the stained cell colonies were determined by using an Artek model 880 automatic colony counter (Artek Systems, Farmingdale, NY).
RESULTS
The various fractionation steps used in the purification procedure (from 50 rat livers), the yields, and the specific activities of the material obtained at each step are summarized in Table  1 . A large amount of the material was removed by the ethanol precipitation step. The EDso of the 105,000 X g supernatant could not be assessed in the bioassay because the indicator liver cells were digested by this material. Therefore, the actual enrichment of the specific activity at this step could not be determined unequivocally. The initial ED50 of the ethanol-precipitated material (300 Ag/ml) was decreased by a factor of 1/ 6 by the Amicon ultrafiltration. When applied to a DEAE-cellulose column, 6% ofthis Amicon fraction was retained after the Table   2 .
t Fold purification of the inhibitory activity based on ED50.
t Not determined; crude supernatant fraction was too cytotoxic for evaluation. extensive washing procedure used. The total material retained on the column (eluted completely by 0.2 M NaCl) showed a much higher specific activity. When the total retained material was eluted with the linear NaCl gradient, six peakfractions were obtained (Fig. 1 ). When these fractions were bioassayed, all the growth inhibitory activity was found in the peak indicated by the hatched area in Fig. 1 . This represents 50% of the total material retained on the DEAE-cellulose column ( Table 1 ). The active material from the DEAE-cellulose column (HPI, source 1) had the highest specific activity which represented a minimum of a 6000-fold purification. Any material that was fractionated away during the purification procedure (starting from the Amicon filtration) had no proliferation inhibitory activity.
When heat-denatured, reduced samples were subjected to electrophoresis in the presence of NaDodSO4 (19) , numerous protein bands were detectable from the ethanol-precipated material (Fig. 2, lane a) and the UM-10 retentate (Fig. 2, lane  b) ; only a single protein band was observed from the HPI, source 1 (Fig. 2, lane c) the ethanol-precipitated material into a great number of components but HPI, source 1, still consisted of a single protein band with an isoelectric point of 4.65 (Fig. 2 Right) .
HPLC ofthe UM-10 retentate (Fig. 3) showed the presence of a number of components, whereas, under the same conditions, HPI, source 1, was eluted as a sharp single peak at approximately 8% acetonitrile (Fig. 4) . This HPLC peak fraction (HPI, source 2) was lyophilized and analyzed further. When subjected to NaDodSOJpolyacrylamide gel electrophoresis, it migrated as a single band (Fig. 2, lane d) identical in position to that of HPI, source 1 (Fig. 2, lane c) .
The results of the bioassay are given in Table 2 . At low concentrations (1-10 nM) the purified material isolated either by the DEAE-cellulose column alone (HPI, source 1) or by the additional step using HPLC (HPI, source 2) inhibited the proliferation of nonmalignant liver cell line as evidenced by the reduced number oflarge cell colonies (diameter >0.5 mm) but did not significantly affect the total number of colonies at the lower doses. At a dose of 0.1 ttg/ml or higher, the inhibition was statistically highly significant. No countable colonies were formed when nonmalignant liver cells were maintained with HPI for the entire duration ofthe experiment. The inhibitor had no significant effect (inhibitory or activatory) on the proliferation ofthe malignant cell line NRL ST whether HPI was present for 4 days or 4 + 5 days.
DISCUSSION
Ever since the introduction ofthe chalone concept by Bullough (11) , studies involving inhibitors of cell proliferation have been the subject of both controversy and criticism. Although some ofthis criticism was directed at the assay conditions and the very high concentrations of the inhibitors used, most dealt with the lack ofpurity ofthe preparations tested. In a recent review (24) , Nadal emphasized the need for purified material as well as reliable assays. The material that was isolated in this study was considered to be pure because electrophoresis of this preparation by two different analytical procedures resulted in a single protein band. The possibility of a low molecular weight minor contaminant having the biological activity without actually being bound to the Mr 26,000 protein may be ruled out for the following reasons. (a) The biological activity was not lost or reduced after extensive dialysis (9 atoma) cells; in one case, a liver extract was also reported (15) to induce differentiation of the hepatoma cell line H-35. Inhibitory factors derived either from BSC 1, an epithelial cell line isolated from kidney of African green monkey (6), or from calf serum (7) have been shown to inhibit the proliferation of nonmalignant epithelial cells. The serum factor (7) did show slight inhibition of proliferation in different malignant cells also. We have shown earlier that partially purified proliferation inhibitors from liver not only inhibit nonmalignant liver cells but act as growth factors in some malignant liver cells (9, 10) . HPI is now shown to have no growth-promoting activity toward one of the same malignant liver cell lines. The growth-promoting component(s) was recovered in another DEAE-cellulose chromatographic fraction and this material stimulated cell division ofboth the malignant and the nonmalignant liver cell lines. The separation of the growth-stimulatory factor(s) from the HPI during salt elution may account for the fact that there was a 40-fold increase in specificity activity of the inhibitor with only 50% decrease in protein ( Table 1 ). The 6000-fold increase in specific activity observed during the purification procedure represents a minimal enhancement because the crude liver homogenate was cytotoxic and could not be evaluated by bioassay. A major difficulty in studies with growth-inhibitory factors has been the problem ofdifferentiating between reversible and irreversible inhibition. Short-term assays involving the use of
[3H]thymidine incorporation into DNA as the sole indicator of cell proliferation have many apparent drawbacks and have been criticized (30, 31) . Recently, we described a simple quantitative bioassay which takes into account the actual proliferative capacity of a cell (9, 10) . This assay, which is based on the ability ofcells in culture to proliferate and form colonies after treatment and removal ofcytostatic inhibitors, distinguishes physiological inhibition of proliferation from acute cytotoxicity. When cells treated for 4 days with such a reversible inhibitory factor are released from a block ofcell division by being fed normal culture medium and are maintained for an additional 5 days they would be expected to form more smaller colonies and fewer larger colonies compared with the untreated control cell population. After treatment with HPI, the fraction ofthe larger colonies was decreased with a concurrent increase in the fraction of the smaller colonies. We have used a range ofdoses of HPI covering 4 orders of magnitude and found that, even when a low dose (0.1 gg/ml) was used, there was considerable inhibition of the larger colonies (reversible inhibition) and very little inhibition of the total colonies. However, when a dose of 1 or 10 ,ug/ml was used, inhibition was observed also in the total of number of colonies. This could be due to the incomplete removal of the HPI on day 5, and effective doses may have remained for the next 5 days, especially in the dishes receiving 10 pug/ml. This might explain the "toxicity" seen in such dishes. This is consistent with the fact that no cell colonies were formed when HPI at low concentrations was purposely left for 4 + 5 days with the nonmalignant cells but no effect of HPI was observed in the malignant cell line, NRL ST.
These results demonstrate that an endogenous protein can exert a differential effect on the proliferation of malignant and nonmalignant liver epithelial cells. Compared with the majority of the proliferation-inhibitory factors reported so far, HPI is effective at a considerably lower concentration with the exception of the kidney cell inhibitors purified by Holley et al. (6) which were tested in cells cultured in a low-serum medium. The differences in the dose-response compared with that of Holley et al. (6) may be because we have tested HPI in nonmalignant liver epithelial cells cultured with 10% serum, a condition reported (6) to counteract the inhibitory effect or because there is some minor active substance contaminating the HPI preparation. We have shown that, even in the presence of 10% serum, HPI is active at a relatively low concentration. The second possibility is unlikely as discussed above. However, a physiological association may exist between the HPI and some minor cofactors. It is also likely that there may be an intrinsic difference between different inhibitors isolated from different sources.
